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Abstract 
Synthetic food additives generate a negative perception in consumers. Therefore, food manufacturers search 
for safer natural alternatives as those involving phytochemicals and plant essential oils. These bioactives have 
antimicrobial activities widely proved in in vitro tests. Foodborne diseases cause thousands of deaths and 
millions of infections every year, mainly due to pathogenic bacteria as Salmonella spp., Campylobacter spp., 
Escherichia coli, Bacillus cereus, Listeria monocytogenes or Staphylococcus aureus. This review summarizes 
industrially interesting antimicrobial bioactivities, as well as their mechanisms of action, for three main types of 
plant nutraceuticals, terpenoids (as carnosic acid), polyphenols (as quercetin) and thiols (as allicin), which are 
important constituents of plant essential oils with a broad range of antimicrobial effects. These phytochemicals 
are widely distributed in fruits and vegetables and are really useful in food preservation as they inhibit microbial 
growth.    
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Antibacterial activities of plant nutraceuticals 
A wide range of synthetic preservatives and antibacterial physical treatments are used to extend food shelf life 
by inhibiting bacterial growth. Also, some foods require special protection against microbial spoilage during their 
preparation, storage or distribution in order to increase their shelf life and organoleptic properties, avoiding 
microbial spoiling, which usually changes taste, odor, color and sensory or texture food properties [1]. Presence 
of specific microorganisms such as Listeria monocytogenes, Escherichia coli O157:H7, Salmonella spp., 
Staphylococcus aureus, Bacillus cereus, Campylobacter spp. or Clostridium perfringens does not only affect 
 food quality, as they constitute a hazard for human health, causing food-borne diseases [2,3]. Actually, food-
borne diseases are an increasing worldwide problem in public health. As an example, it is estimated that 31 
pathogen species are responsible for 9.4 million cases of food-borne diseases each year only in the USA [4].      
Food antimicrobials are chemical compounds that are naturally present in food or are directly added in order to 
inhibit microbial growth of pathogenic or spoilage microorganisms, with the aim of ensuring food safety and 
quality [5]. Approved food antimicrobials are classified as chemical preservatives, a category that also includes 
other type of agents such as antioxidant compounds, whose objective is to delay food spoilage [5]. Various 
synthetic antimicrobials, including several organic acids and salts (sodium benzoates and propionates, 
potassium sorbates, sorbic acid, sulfites, chlorides, nitrites, triclosan, nisin, natamycin, potassium lactate, 
ascorbic acid, citric acid, tartaric acid, etc.) have been approved by regulatory agencies and are used as food 
preservatives [3]. The use of some of these, however, represents nutritional or health threats for the consumer. 
For example, sulfites cause degradation of vitamin B1 (thiamine) in food, an essential nutrient [6].  
Apart from chemical antimicrobials, food can go through different physical processes which are classified as 
thermal and non-thermal treatments. Thermal technologies are the most widely used preservation methods in 
food industry due to their high efficacy. However, the intensities needed to achieve high security levels generate 
undesirable changes in the sensorial and nutritional properties of some foods [7]. On the other hand, non-
thermal technologies for food preservation, such as pulsed electric fields (PEFs) and high hydrostatic pressure 
(HHP), are really interesting since they do not affect food organoleptic properties. Nevertheless, under certain 
circumstances, these techniques are not able to ensure food safety, since some experiments have 
demonstrated that these physical treatments can lead only to sub-lethal damages in the bacterial cell walls 
[8][9,10].  
Moreover, there is an increasing rejection among consumers on the use of synthetic additives, as well as a 
demand for a better food quality, free of artificial preservatives, but maintaining its long shelf life. For all these 
reasons, research has focused on finding natural alternatives to traditional solutions [11]. A good natural 
antimicrobial has to fulfil some requirements such as: (a) to be active in low concentrations in its natural form, 
(b) to be inexpensive, (c) not to generate sensorial changes in the product, (b) to inhibit a wide range of spoilage 
and pathogenic microorganisms, and (e) not to be toxic [5]. 
Terpenoids and essential oils  
Essential oils, also known as volatile odoriferous oils, are natural, volatile and complex liquids characterized by 
an intense smell and flavor which varies depending on the type of constituents that form the oil. They are 
generated by aromatic plants as secondary metabolites, especially by plants generally located in warm areas 
such as tropical and Mediterranean ones, where they represent an important part of the traditional 
pharmacopoeia. Many plants produce these volatile oils in order to attract specific insects for pollination or to 
expel certain predator animals. Its chemical constituents play also an important role as signal compounds and 
 growth regulators (phytohormones) of plants [12]. Essential oils can be synthetized by all the organs of a given 
plant (e.g. buds, flowers, leaves, stems, seeds, fruits and wood), and can be stored in secretory cells, cavities, 
epidermic cells or glandular trichomes. They can be extracted from these plant organs in various ways, but 
among all the extraction methods, steam distillation, first developed in the Middle Age by Arab chemists, is the 
most widely used, especially for commercial scale production [1,13].   
Essential oils are complex mixtures of both polar and non-polar components that can even include 20-60 
compounds in quite different concentrations. However, they are characterized by the presence of two or three 
main components that are found in relatively high concentrations (20-70 %) in comparison with other ones that 
are in trace amounts [13]. Components contained in essential oils can be divided into two groups, each with a 
different biosynthetic origin, but both of them are characterized by a low molecular weight: the main groups are 
terpenes (monoterpenes and sesquiterpenes) and terpenoids (monoterpenoids). In fact, monoterpenes (C10), 
which are made up by the fusion of two isoprene units (C5), are the most representative molecules in essential 
oils, achieving a percentage of up to 90 %. Depending on the number of isoprene subunits, different terpenes 
subfamilies are defined as hemi- (C5), mono- (C10), sesqui- (C15), di- (C20), sester- (C25), tri- (C30), tetra- 
(C40) and polyterpenes (C5)n with n higher than 8 units [12]. Other less abundant components in essential oils 
are aromatic and aliphatic compounds as aldehydes, phenols and methoxy derivatives [14]. Medicinal plant 
parts as roots, leaves, branches, stems, barks, flowers and fruits are commonly rich in terpenes like carvacrol, 
citral (a natural mixture of geranial and neral), linalool, geraniol and many others [15]. 
Essential oils are known since ancient times by their aroma, as well as by their antiseptic medicinal properties 
(i.e. bactericide, fungicide and virucide). In fact, essential oils carry out a key function in plants defense, working 
as antibacterial, antifungal and antiviral agents. They even work as a defense against herbivores, as they reduce 
their appetite for plants containing these compounds [13].  Despite the fact that essential oils have originally 
been added to food in order to change or improve flavors, their antimicrobial activities make  them good 
candidates to replace chemical preservatives [16].  
Antimicrobial activities of essential oils make them good candidates to be used as natural additives in foods and 
food products, as they can be added as bioactive components in packaging materials [1]. Currently, more than 
3,000 essential oils are known, with 300 of them having a commercial interest in food, pharmaceutical, sanitary 
or cosmetic industries. In fact, different essential oils terpene components (e.g. linalool, thymol, carvone, 
carvacrol, citral and limonene) from a total number of 30,000 described molecules, have been accepted by the 
European Commission as flavorings for food products. These components have also been recognized by the 
FDA (Food and Drug Administration, USA) as GRAS ingredients (Generally Recognized as Safe) [14].   
Due to the wide range of constituents that make up essential oils, several cellular targets have been described 
for antimicrobial activity (Fig. 1), and they are effective against a great variety of microorganisms, including 
bacteria [17], virus [18] or fungi [19] (Table 1). Terpenoids are active against a broad spectrum of 
microorganisms, with carvacrol (a monoterpenoid phenol) (Fig. 2) as one of the most active components [14]. 
However, other common terpenes, such as -cymene (Fig. 2), lack a high antimicrobial activity, and many in 
 vitro tests have shown that some terpenes are inefficient as antimicrobials, when used as sole compounds [20]. 
Antimicrobial activity of terpenoids is related to their functional groups. Specifically, in phenolic terpenoids, 
hydroxyl groups as well as the presence of delocalized electrons carry out an important function against 
microorganisms [14]. In fact, if the carvacrol hydroxyl group is substituted by a methyl ether group, a change 
that affects its hydrophobicity, this affects also its antimicrobial activity, because this modifies how this molecule 
interacts with the microbial cell membrane. The reason for this is that carvacrol hydroxyl group has been 
proposed to function as a monovalent cations carrier across membranes, carrying H+ into the cell cytoplasm 
and transporting K+ back out [21].   
As typical lipophilic substances, essential oils are able to cross the cell wall and the cytoplasmic membrane, 
with a different effect on Gram-positive and Gram-negative bacteria. Lipophilic ends of lipoteichoic acids in 
Gram-positive cell walls facilitate penetration of hydrophobic compounds such as essential oils in these bacteria. 
However, Gram-negative bacteria show higher resistance to the action of essential oils, associated to the 
presence of the outer membrane. This higher resistance could be attributed to the outer membrane proteins or 
to its lipopolysaccharides, which may limit the diffusion rate of these hydrophobic compounds [1].   
Essential oils are also able to disrupt cell wall and cytoplasmic membrane structures by affecting the 
conformation of their different polysaccharides (Fig. 1), fatty acids and phospholipids layers, increasing their 
permeability. Damage to these two structures is associated with ions leakage, reduction of membrane potential, 
proton pumps collapse, ATP pool depletion and loss of macromolecules. All these events lead to an impairment 
of essential processes in the cell and finally to its lysis [22]. Essential oils can also coagulate the cytoplasm as 
well as cause direct damage to cellular lipids and proteins [23] (Fig. 1).  
There are other antibacterial mechanisms for essential oils that are not still completely understood, as inhibition 
of bacterial essential specific enzymes. A clear example of this is FtsZ protein (from “Filamenting Temperature 
Sensitive strain Z”), which is a promising target because of its key role in bacterial division. For example, the 
sesquiterpene germacrene D (Fig. 2) interacts with FtsZ binding pocket, so it could be an important natural 
preservative [24]. 
Until now, due to the fact that essential oils are able to affect diverse cell targets at the same time, particular 
resistances or bacterial adaptations have hardly ever been described, provided that used doses were higher 
than lethal concentration. This cytotoxic activity is of vital importance for example in food industry, in order to 
preserve fish or agricultural products [13].  
Anyway, it is important to remind that the antimicrobial activity of essential oils is associated especially to 
synergistic interactions produced by their components. An excellent example is the synergistic interaction 
between carvacrol and -cymene[25]. Carvacrol (a monoterpenoid) and -cymene (its monoterpene precursor) 
are present in oregano and thyme respectively, and they have a promising potential to be used as natural 
preservatives when both are used together [23]. Carvacrol has antimicrobial activity against a wide range of 
bacteria, while -cymene barely inhibits their microbial growth, but it is able to improve the antimicrobial 
 properties of carvacrol by a synergistic process (Table 1). This process has been well described in carrot juice, 
where Vibrio cholerae growth was inhibited when both terpenes were added at the same time to the spiked 
carrot juice. However, this bacterial inhibition was observed at a lesser extent when each compound was 
present separately in the juice [26]. Several studies have demonstrated that -cymene acts as a substitutional 
impurity in the bacterial membrane, partially affecting the membrane potential of intact cells. This situation 
facilitates the carvacrol activity, and therefore, less concentrations of each component are needed [21].   
Due to this growing interest in natural additives, a great variety of essential oils have been used in food industry, 
especially together with other traditional preservatives or techniques under the concept of “hurdle technology” 
as a new barrier to ensure that all pathogens in a given food are eliminated. Therefore, these essential oils can 
be used as an efficient alternative to conventional additives as a green technology strategy [1]. In fact, it has 
been thoroughly demonstrated that it is possible to reduce food-borne pathogens and to extent shelf life when 
multiple antimicrobial compounds are incorporated. This can be achieved in minimally processed foods by 
combining natural antimicrobials with mild heat treatments [5]. Also, food quality can be improved when thermal 
and non-thermal techniques are applied in combination with essential oils [27]. For example, the use of Laurus 
nobilis and Myrtus communis essential oils as food additives (both of them rich in monoterpenes) reaches better 
rates of bacteria inactivation and less adverse effects in organoleptic properties when these essential oils are 
used in combination with mild heat and HHP treatments, because then lower doses are required [11]. These 
good results can be explained because there is again a synergistic effect between HPP or heat and essential 
oils, since physical treatments generate a sub-lethal damage in the bacterial membrane, which facilitates 
entrance in the cell of essential oils [28].  
Essential oil from Rosemary (Rosmarinus officinalis) mainly consists of monoterpenes such as -pinene, -
pinene, myrcene, borneol, camphor and verbenone (Fig. 2), and the main components carnosic acid (Fig. 2), 
rosmarinic acid (a polyphenol, Fig. 3) and carnosol (Fig. 2), which have a powerful antimicrobial activity by also 
disrupting bacterial membrane integrity [29]. Different studies have demonstrated their success against Gram-
positive (S. aureus and B. subtilis) and Gram-negative (E. coli and Klebsiella pneumoniae) bacteria [30]. After 
its ingestion by animals, rosemary terpenoids, as carnosic acid, are stored in lamb muscle at sufficient levels to 
exert antimicrobial effects in meat[31]. For example, feeding lambs with 200 mg/kg of rosemary dry extract, a 
reduction in bacterial spoilage was observed, as rosemary polyphenols affected bacterial membranes, inhibiting 
their multiplication rates [32].  
Oregano essential oil (rich in thymol and carvacrol) showed a greater antimicrobial activity against Gram-
positive bacteria (S. aureus) than against Gram-negative ones (E. coli  and Pseudomonas aeruginosa) [33,34]. 
Addition of Satureja horvatii essential oil, rich in -cymene (33.14 %) and thymol (26.11 %), to pork meat 
inhibited L. monocytogenes growth. In this case, it was also noticed an improvement in flavor and odor of treated 
food, after 4 days of storage, in comparison with controls [2]. 
Fruit juice processing involves a thermal step to inactivate vegetative forms of pathogenic and spoilage 
microorganisms. However, it is well known that heat leads to a loss of vitamins and to flavor changes. When a 
 combination of carvacrol and -cymene was added to juices, lower doses of both of them and heat were required 
to become efficient against E. coli O157:H7 [35]. 
An increasing demand of organic food is raising the risk of foodborne diseases outbreaks due to the 
consumption of contaminated products. In the USA, organic food production is regulated by the USDA National 
Organic Program, and chemical antimicrobials approved for post-harvest treatments of organic products are 
very limited. Therefore, it is necessary to develop new GRAS additives such as essential oils, which are 
awakening interest for their use in “ready-to-eat” vegetables, such as packaged salads [36]. In this sense, some 
polymeric films containing oregano essential oil (carvacrol) and citral (from citrus fruits odor glands) showed a 
drastic reduction in spoilage microbiota and inhibited the growth of some pathogens in spiked salads (E. coli, 
Salmonella enterica and Listeria spp.), with a greater effect in Gram-negative cells. In addition, salads in 
containers with essential oils had better sensorial qualities [37]. The combined activity of carvacrol and nisine 
(a bacteriocin commonly used in food industry) was able to eliminate L. monocytogenes in ready-to-eat carrots 
in an effective way, decreasing the necessary dose for each hurdle [38].   
In other studies, citron oil was effective against Salmonella spp., E. coli and L. monocytogenes in fruit-based 
salads [39]; oregano essential oil (carvacrol) was effective against C. jejuni, E. coli O157:H7, L. monocytogenes 
and S. enterica in apple juice [40]; and packaging films which incorporated carvacrol were able to reduce 
Salmonella populations in spiked bagged leaves [36]. 
Despite all these activities and the fact that most essential oils possess GRAS status, their use as food 
preservatives is very limited due to flavoring considerations, as their intense aroma could modify the typical 
flavor or odor of certain foods [1]. Therefore, the use of these natural additives in food industry is very limited 
due to the high concentrations needed to achieve an optimal antimicrobial activity, which negatively affects the 
foodstuffs organoleptic properties [41]. Nevertheless, when low concentrations of essential oils are added to 
packaging films (25 %), it does not generate a detriment in food acceptability [1]. Combined treatments would 
also allow to generate safe foodstuff by decreasing the concentration of each hurdle at the same time [5]. 
However, essential oils present many other problems when they are used as food preservatives. In certain 
foods, they are impaired by interactions with components contained in the food matrix such as fat and proteins 
[42], and for this reason it is difficult to extrapolate results obtained in in vitro tests. Therefore, under industrial 
real conditions, a lower antimicrobial activity of these compounds is expected, being necessary to increase their 
concentration due to these interactions, but this fact will most probably alter some food organoleptic properties 
[43]. A real solution to this problem could be active packaging, in which the antimicrobial volatile agents are 
incorporated into a carrier material that acts as a vehicle for slow release of these bioactives towards the surface 
of the food product, where microbial contamination is supposed to be higher [44]. This method is more effective 
than directly applying the antimicrobial compound all over the surface of the product via a spray solution, 
because it reduces the organoleptic impact [45]. Another way to reduce the concentration of essential oils 
without compromising their antimicrobial activity would be using synergistic strategies with other compounds 
 [46]. Finally, in some cases, replacement of essential oils for its main chemical components could provide a 
similar activity, avoiding certain compounds that could alter food flavor [47].   
An innovative method to intensify the efficacy of natural preservatives could be the encapsulation of the 
compound into food-grade materials (nano-emulsions). Nano-encapsulation has various objectives, including 
(a) stabilization of the compound against undesirable reactions with matrix components as fat, (b) stabilization 
of volatile compounds such as essential oils, (c) retardation of compound delivery rate in order to increase the  
exposure of this component to food and therefore its shelf life, and (d) protection against physical treatments 
that could damage it [48]. 
The antimicrobial effect of polyphenols has been also demonstrated in animal models for infections. For 
example, in an mice model for L. monocytogenes infection, lutein was able to reduce mortality and the bacterial 
damages to spleen and liver, due to inhibition of hemolysis associated to the virulence factor listeriolysin O. 
Lutein prevents the oligomerization of this toxin, therefore blocking L. monocytogenes transfer from vacuoles to 
cytoplasm of infected cells in these organs [49].     
Polyphenols  
Polyphenolic compounds are the second biggest family of plant nutraceuticals, after terpenoids. These 
phytochemicals are a group of secondary metabolites sharing a common chemical structure characterized by 
the presence of at least one aromatic ring, tailored with one or more hydroxyl groups [50]. This family contains 
more than 10,000 compounds described to date in vascular plants, several hundreds of which are found in 
edible plants [51]. These phenolic compounds can be found in a broad spectrum of food and beverages from 
plant origin such as fruits, vegetables, coffee, tea, beer, wine or chocolate [52]. 
Polyphenols are usually classified in subfamilies, depending on their chemical structure, the number of phenolic 
rings and the structural elements that link these rings: (a) phenolic acids (as gallic acid), (b) flavonoids (as 
quercetin), (c) stilbenes (as resveratrol), (d) lignans (as secoisolariciresinol), (e) coumarins (as coumarin), and 
(f) tannin polymers (as proanthocyanidins) (Fig. 3) [53]. 
Flavonoids (from the latin word flavus, yellow) represent about 60 % of dietary polyphenols and are ubiquitously 
distributed in plants [54]. All flavonoids also share a generic chemical structure composed of 15 carbon atoms 
(C6-C3-C6) distributed in two aromatic rings (A and B rings) linked by a bridge of three carbons which is part of 
a heterocyclic pyrane ring (C ring), forming a characteristic phenyl-benzopyrone structure. This basic skeleton 
can bear a lot of different substituents, such as hydroxyl groups in C4’, C5 and C7 positions, or even sugars 
(Fig. 3) [50].   
Flavonoids can be classified in several subgroups according to their hydroxylation pattern and the substituents 
that are linked to the C ring: (a) anthocyanidins (as malvidin and delphinidin), (b) flavan-3-ols (as catechins), (c) 
flavones (as apigenin and luteolin), (d) flavanones (as naringenin and eriodictyol), (e) flavonols (as quercetin 
and kaempferol), and (f) isoflavonoids (as genistein and daidzein) (Fig. 3). Individual compounds within each 
family differ on the pattern of substituents in A and B rings [53].  
 Some common spices are rich in polyphenols with antibacterial activity. Cinnamon contains for example 3.6% 
epicatechins, 23.2% proanthocyanidans and 64.1% cinnamaldehydes (Fig. 3). This plant extract is able to inhibit 
the growth of food pathogens as B. cereus at concentrations of 625 µg/ml, with a minimum bactericidal 
concentration of 2,500 µg/ml [55,56]. Another spice, rosemary, is also a rich source of antibacterial polyphenols 
with potential applications in meat industry, as its introduction in the fed (as a rosemary extract, 0.6 mg/kg) 
during last stage in lamb fattening was able to inhibit lipid oxidation and rancidity in chilled packed lamb cuts 
[57].  
Olive oil has also a high polyphenolic content, especially in hydroxytyrosol (Fig. 3). Aqueous extract from olive 
pulp (a by-product after processing olives for oil extraction) contains 6% polyphenols and has interest as food 
preservative. Its major constituents are hydroxytyrosol (50-70%), oleuropein (5-10%) and tyrosol (0.3%) (Fig. 
3) [58]. Hydroxytyrosol shows toxicity to human intestinal and respiratory tract pathogens as S. aureus, 
Salmonella spp., Vibrio parahaemolyticus, Moraxella catarrhalis and Haemophilus influenza, with minimum 
inhibitory concentrations between 0.24-7.85 µg/ml  [59]. 
Epicatechin gallate (ECG) and epigallocatechin gallate (EGCG, Fig. 3) are two flavonoids present in green tea 
(Camellia sinensis) with the capacity to sensitize multidrug resistant S. aureus (MRSA) strains to β-lactam 
antibiotics, reducing the oxacillin MIC values from 512 to 4 µg/mL [60] (Table 1).  
Red grapes juice is rich in diverse polyphenols as resveratrol, ellagic acid, quercetin, myricetin, catechin and 
epicatechin (Fig. 3). This juice is able to inactivate in vitro high populations of C. sakazakii, allowing its use as 
food preservative for baby foods [61]. Quercetin, one of the main polyphenols in wine, shows inhibitory effect 
on E. coli DNA gyrase. This flavonoid also increases the membrane permeability and reduces the membrane 
potential, avoiding ATP synthesis in this intestinal bacterium. Quercetin inhibitory activity on the growth of this 
enterobacteria is observed already at 25 µg/mL, allowing its use as food preservative [62].  
In animal models, flavonoids as the common quercetin have shown antimicrobial activity against Salmonella 
enterica infection. In mice, this polyphenol was able to prevent intestinal infection and to reduce bacterial titers 
in livers, preventing liver damage and enhancing animal survival rates [63].   All these examples show how 
important polyphenolic compounds are with respect to bacterial growth inhibition, alone or together with other 
phytochemicals, as a promising alternative to chemical synthesis preservatives. 
Thiols  
Organosulfur compounds are defined as molecules that contain one or more carbon-sulfur bonds. Allium and 
Brassica plant genera contain high concentration of these compounds, specifically thiosulfinates (between 1.1-
3 % in garlic, Allium sativum). A wide range of microorganisms have been shown to be sensitive to crushed 
garlic. The compound responsible for this antibacterial capacity is the L-Cys sulfoxide alliin (Fig. 4), a volatile 
compound, hydrophobic, which gives the characteristic smell to these vegetables. Damage to garlic cells during 
storage or cooking causes activation of the vacuolar enzyme alliinase, which converts two molecules of alliin 
 into allicin (Fig. 4), which renders diverse oxidation derivatives as diallyl disulfide and diallyl trisulfide (Fig. 4) 
[64][64,65].  
The allicin is effective as antimicrobial against Gram-positive (Bacillus spp., Streptococcus spp., 
Staphulococcus aureus MRSA) as well as against Gram-negative bacteria (E. coli, S. thyphimurium, P. 
syringae, V. cholerae, H. pylori; Shigella spp.), with inhibitory concentrations ranging from 1.72 µM (E. coli) to 
80 µM (V. cholerae, S. typhimurium, Bacillus spp., L. monocytogenes, Mycobacterium tuberculosis) [64] (Table 
1). This bioactivity is due to the reactivity of allicin with thiol-containing microbial enzymes, including interference 
during protein synthesis elongation steps [64,66]. Particularly, allicin reacts with protein L-cysteines to form an 
S-thiolation product called S-allylmercaptocystein (Fig. 4). This reaction inhibits many bacterial enzymes in the 
microorganism, therefore reducing its virulence, and acting as bacteriostatic or bactericide compound. In this 
way, 0.2 mM allicin causes a rapid inhibition of S. typhimurium RNA synthesis (primary target) and also a partial 
inhibition of DNA synthesis [67].  
Conclusion 
Current industrial food processes have available a broad array of techniques and chemical synthesis additives 
for their use in food preservation. These additives are used mainly to diminish microbial contamination (as 
pathogenic and spoilage bacterial species) and to prolong shelf live. However, some of these antimicrobial 
additives may alter the nutritional properties of a given food, as in the case of sulfites, which destroy vitamin B1, 
or the addition of nitrates to meat, which renders their microbial conversion to nitrites and the subsequent 
formation of the carcinogens nitrosamines. These type of scientific data, together with an increasing consumer 
perception on the need for safer and more natural food processing techniques and additives has caused that 
during last years, increasing efforts at scientific and industrial levels are devoted to trigger the use of plant 
metabolites as terpenoids, polyphenols and thiols, among others, as food additives. The antibacterial activities 
for some of these plant nutraceuticals has been tested in vitro, in the stored food matrix, and in some cases in 
animal models for infections, shedding natural light in the complex field of food additives and preservatives.  
Funding sources 
This work was supported by LIBERBANK Retención de Jóvenes Talentos 2014-2015 fellowship to IGR. 
 
Conflict of Interests 
Authors declare absence of conflict of interest.  
 
References 
 [1] Tongnuanchan P, Benjakul S. Essential Oils: Extraction, Bioactivities, and Their Uses for Food 
Preservation. J Food Sci 2014;79:1231–49. doi:10.1111/1750-3841.12492. 
[2] Bukvički D, Stojković D, Soković M, Vannini L, Montanari C, Pejin B, et al. Satureja horvatii essential 
oil: in vitro antimicrobial and antiradical properties and in situ control of Listeria monocytogenes in pork 
meat. Meat Sci 2014;96:1355–60. doi:10.1016/j.meatsci.2013.11.024. 
[3] Kuorwel KK, Cran MJ, Sonneveld K, Miltz J, Bigger SW. Essential oils and their principal constituents 
as antimicrobial agents for synthetic packaging films. J Food Sci 2011;76:R164-77. doi:10.1111/j.1750-
3841.2011.02384.x. 
[4] Scallan E, Hoekstra RM, Angulo FJ, Tauxe R V, Widdowson M-A, Roy SL, et al. Foodborne illness 
acquired in the United States--major pathogens. Emerg Infect Dis 2011;17:7–15. 
doi:10.3201/eid1701.091101p1. 
[5] Davidson PM, Critzer FJ, Taylor TM. Naturally Occurring Antimicrobials for Minimally Processed 
Foods. Annu Rev Food Sci Technol 2013;4:163–90. doi:10.1146/annurev-food-030212-182535. 
[6] Garcia-Fuentes A, Wirtz S, Vos E, Verhagen H. Short Review of Sulphites as Food Additives. Eur J 
Nutr Food Saf 2015;5:113–20. doi:10.9734/EJNFS/2015/11557. 
[7] Vasconcelos NCM de, Salgado SM, Livera AVS, Andrade SAC de, Oliveira MG de, Stamford TLM. 
Influence of heat treatment on the sensory and physical characteristics and carbohydrate fractions of 
french-fried potatoes (Solanum tuberosum L.). Food Sci Technol 2015;35:561–9. doi:10.1590/1678-
457X.6685. 
[8] Liu H, Li P, Sun C, Du X, Zhang Y, Wang S. Inhibitor-Assisted High-Pressure Inactivation of Bacteria in 
Skim Milk. J Food Sci 2017;82:1672–81. doi:10.1111/1750-3841.13737. 
[9] Mañas P, Pagán R. Microbial inactivation by new technologies of food preservation. J Appl Microbiol 
2005;98:1387–99. doi:10.1111/j.1365-2672.2005.02561.x. 
[10] Wan J, Coventry J, Swiergon P, Sanguansri P, Versteeg C. Advances in innovative processing 
technologies for microbial inactivation and enhancement of food safety – pulsed electric field and low-
temperature plasma. Trends Food Sci Technol 2009;20:414–24. doi:10.1016/j.tifs.2009.01.050. 
[11] Cherrat L, Espina L, Bakkali M, García-Gonzalo D, Pagán R, Laglaoui A. Chemical composition and 
antioxidant properties of Laurus nobilis L. and Myrtus communis L. essential oils from Morocco and 
evaluation of their antimicrobial activity acting alone or in combined processes for food preservation. J 
Sci Food Agric 2013;94:1197–204. doi:10.1002/jsfa.6397. 
[12] Breitmaier E. Terpenes: Importance, General Structure, and Biosynthesis. Terpenes, Weinheim, 
Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2006, p. 1–9. doi:10.1002/9783527609949.ch1. 
[13] Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological effects of essential oils--a review. Food 
 Chem Toxicol 2008;46:446–75. doi:10.1016/j.fct.2007.09.106. 
[14] Hyldgaard M, Mygind T, Meyer RL. Essential Oils in Food Preservation: Mode of Action, Synergies, 
and Interactions with Food Matrix Components. Front Microbiol 2012;3:1–24. 
doi:10.3389/fmicb.2012.00012. 
[15] Ortega-Ramirez LA, Rodriguez-Garcia I, Leyva JM, Cruz-Valenzuela MR, Silva-Espinoza BA, 
Gonzalez-Aguilar G a., et al. Potential of Medicinal Plants as Antimicrobial and Antioxidant Agents in 
Food Industry: A Hypothesis. J Food Sci 2014;79:R129–37. doi:10.1111/1750-3841.12341. 
[16] Raybaudi-Massilia RM, Mosqueda-Melgar J, Soliva-Fortuny R, Martín-Belloso O. Control of Pathogenic 
and Spoilage Microorganisms in Fresh-cut Fruits and Fruit Juices by Traditional and Alternative Natural 
Antimicrobials. Compr Rev Food Sci Food Saf 2009;8:157–80. doi:10.1111/j.1541-4337.2009.00076.x. 
[17] Schelz Z, Molnar J, Hohmann J. Antimicrobial and antiplasmid activities of essential oils. Fitoterapia 
2006;77:279–85. doi:10.1016/j.fitote.2006.03.013. 
[18] Duschatzky CB, Possetto ML, Talarico LB, García CC, Michis F, Almeida N V, et al. Evaluation of 
chemical and antiviral properties of essential oils from South American plants. Antivir Chem Chemother 
2005;16:247–51. 
[19] Pawar VC, Thaker VS. In vitro efficacy of 75 essential oils against Aspergillus niger. Mycoses 
2006;49:316–23. doi:10.1111/j.1439-0507.2006.01241.x. 
[20] Koutsoudaki C, Krsek M, Rodger A. Chemical composition and antibacterial activity of the essential oil 
and the gum of Pistacia lentiscus Var. chia. J Agric Food Chem 2005;53:7681–5. 
doi:10.1021/jf050639s. 
[21] Ultee A, Bennik MHJ, Moezelaar R. The phenolic hydroxyl group of carvacrol is essential for action 
against the food-borne pathogen Bacillus cereus. Appl Environ Microbiol 2002;68:1561–8. 
[22] Oussalah M, Caillet S, Salmiéri S, Saucier L, Lacroix M. Antimicrobial effects of alginate-based films 
containing essential oils on Listeria monocytogenes and Salmonella typhimurium present in bologna 
and ham. J Food Prot 2007;70:901–8. 
[23] Burt S. Essential oils: their antibacterial properties and potential applications in foods--a review. Int J 
Food Microbiol 2004;94:223–53. doi:10.1016/j.ijfoodmicro.2004.03.022. 
[24] Šarac Z, Matejić JS, Stojanović-Radić ZZ, Veselinović JB, Džamić AM, Bojović S, et al. Biological 
activity of Pinus nigra terpenes—Evaluation of FtsZ inhibition by selected compounds as contribution to 
their antimicrobial activity. Comput Biol Med 2014;54:72–8. doi:10.1016/j.compbiomed.2014.08.022. 
[25] Dorman HJ, Deans SG. Antimicrobial agents from plants: antibacterial activity of plant volatile oils. J 
Appl Microbiol 2000;88:308–16. 
[26] Rattanachaikunsopon P, Phumkhachorn P. Assessment of factors influencing antimicrobial activity of 
 carvacrol and cymene against Vibrio cholerae in food. J Biosci Bioeng 2010;110:614–9. 
doi:10.1016/j.jbiosc.2010.06.010. 
[27] Ait-Ouazzou A, Espina L, Gelaw TK, de Lamo-Castellví S, Pagán R, García-Gonzalo D. New insights 
in mechanisms of bacterial inactivation by carvacrol. J Appl Microbiol 2013;114:173–85. 
doi:10.1111/jam.12028. 
[28] Andrés MF, Rossa GE, Cassel E, Vargas RMF, Santana O, Díaz CE, et al. Biocidal effects of Piper 
hispidinervum (Piperaceae) essential oil and synergism among its main components. Food Chem 
Toxicol 2017. doi:10.1016/j.fct.2017.04.017. 
[29] Santoyo S, Cavero S, Jaime L, Ibañez E, Señoráns FJ, Reglero G. Chemical composition and 
antimicrobial activity of Rosmarinus officinalis L. essential oil obtained via supercritical fluid extraction. 
J Food Prot 2005;68:790–5. 
[30] Okoh OO, Sadimenko AP, Afolayan AJ. Comparative evaluation of the antibacterial activities of the 
essential oils of Rosmarinus officinalis L. obtained by hydrodistillation and solvent free microwave 
extraction methods. Food Chem 2010;120:308–12. doi:10.1016/j.foodchem.2009.09.084. 
[31] Moñino I, Martínez C, Sotomayor JA, Lafuente A, Jordán MJ. Polyphenolic transmission to Segureno 
lamb meat from ewes’ diet supplemented with the distillate from rosemary (Rosmarinus officinalis) 
leaves. J Agric Food Chem 2008;56:3363–7. doi:10.1021/jf7036856. 
[32] Ortuño J, Serrano R, Jordán MJ, Bañón S. Shelf life of meat from lambs given essential oil-free 
rosemary extract containing carnosic acid plus carnosol at 200 or 400 mg kg−1. Meat Sci 
2014;96:1452–9. doi:10.1016/j.meatsci.2013.11.021. 
[33] Aguirre A, Borneo R, León AE. Antimicrobial, mechanical and barrier properties of triticale protein films 
incorporated with oregano essential oil. Food Biosci 2013;1:2–9. doi:10.1016/j.fbio.2012.12.001. 
[34] Pelissari FM, Grossmann MVE, Yamashita F, Pineda EAG. Antimicrobial, mechanical, and barrier 
properties of cassava starch-chitosan films incorporated with oregano essential oil. J Agric Food Chem 
2009;57:7499–504. doi:10.1021/jf9002363. 
[35] Kiskó G, Roller S. Carvacrol and p-cymene inactivate Escherichia coli O157:H7 in apple juice. BMC 
Microbiol 2005;5:36. doi:10.1186/1471-2180-5-36. 
[36] Zhu L, Olsen C, McHugh T, Friedman M, Jaroni D, Ravishankar S. Apple, Carrot, and Hibiscus Edible 
Films Containing the Plant Antimicrobials Carvacrol and Cinnamaldehyde Inactivate Salmonella 
Newport on Organic Leafy Greens in Sealed Plastic Bags. J Food Sci 2014;79:M61–6. 
doi:10.1111/1750-3841.12318. 
[37] Muriel-Galet V, Cerisuelo JP, López-Carballo G, Lara M, Gavara R, Hernández-Muñoz P. Development 
of antimicrobial films for microbiological control of packaged salad. Int J Food Microbiol 2012;157:195–
 201. doi:10.1016/j.ijfoodmicro.2012.05.002. 
[38] Ndoti-Nembe A, Vu KD, Doucet N, Lacroix M. Antimicrobial Effects of Essential Oils, Nisin, and 
Irradiation Treatments against Listeria monocytogenes on Ready-to-Eat Carrots. J Food Sci 2015;0:1–
5. doi:10.1111/1750-3841.12832. 
[39] Belletti N, Lanciotti R, Patrignani F, Gardini F. Antimicrobial efficacy of citron essential oil on spoilage 
and pathogenic microorganisms in fruit-based salads. J Food Sci 2008;73:M331-8. doi:10.1111/j.1750-
3841.2008.00866.x. 
[40] Friedman M, Henika PR, Levin CE, Mandrell RE. Antibacterial Activities of Plant Essential Oils and 
Their Components against Escherichia coli O157:H7 and Salmonella enterica in Apple Juice. J Agric 
Food Chem 2004;52:6042–8. doi:10.1021/jf0495340. 
[41] Tajkarimi MM, Ibrahim SA, Cliver DO. Antimicrobial herb and spice compounds in food. Food Control 
2010;21:1199–218. doi:10.1016/j.foodcont.2010.02.003. 
[42] Kyung KH. Antimicrobial properties of allium species. Curr Opin Biotechnol 2012;23:142–7. 
doi:10.1016/j.copbio.2011.08.004. 
[43] Lv F, Liang H, Yuan Q, Li C. In vitro antimicrobial effects and mechanism of action of selected plant 
essential oil combinations against four food-related microorganisms. Food Res Int 2011;44:3057–64. 
doi:10.1016/j.foodres.2011.07.030. 
[44] Rojas-Graü MA, Soliva-Fortuny R, Martín-Belloso O. Edible coatings to incorporate active ingredients 
to fresh-cut fruits: a review. Trends Food Sci Technol 2009;20:438–47. doi:10.1016/j.tifs.2009.05.002. 
[45] Quintavalla S, Vicini L. Antimicrobial food packaging in meat industry. Meat Sci 2002;62:373–80. 
doi:10.1016/S0309-1740(02)00121-3. 
[46] Nguefack J, Tamgue O, Dongmo JBL, Dakole CD, Leth V, Vismer HF, et al. Synergistic action between 
fractions of essential oils from Cymbopogon citratus, Ocimum gratissimum and Thymus vulgaris 
against Penicillium expansum. Food Control 2012;23:377–83. doi:10.1016/j.foodcont.2011.08.002. 
[47] Lambert RJ, Skandamis PN, Coote PJ, Nychas GJ. A study of the minimum inhibitory concentration 
and mode of action of oregano essential oil, thymol and carvacrol. J Appl Microbiol 2001;91:453–62. 
[48] Donsì F, Annunziata M, Sessa M, Ferrari G. Nanoencapsulation of essential oils to enhance their 
antimicrobial activity in foods. LWT - Food Sci Technol 2011;44:1908–14. 
doi:10.1016/j.lwt.2011.03.003. 
[49] Liu B, Teng Z, Wang J, Lu G, Deng X, Li L. Inhibition of listeriolysin O oligomerization by lutein 
prevents Listeria monocytogenes infection. Fitoterapia 2017;116:45–50. 
doi:10.1016/j.fitote.2016.11.012. 
[50] Fantini M, Benvenuto M, Masuelli L, Frajese G, Tresoldi I, Modesti A, et al. In Vitro and in Vivo 
 Antitumoral Effects of Combinations of Polyphenols, or Polyphenols and Anticancer Drugs: 
Perspectives on Cancer Treatment. Int J Mol Sci 2015;16:9236–82. doi:10.3390/ijms16059236. 
[51] Li A, Li S, Zhang Y, Xu X, Chen Y, Li H. Resources and Biological Activities of Natural Polyphenols. 
Nutrients 2014;6:6020–47. doi:10.3390/nu6126020. 
[52] Naczk M, Shahidi F. Extraction and analysis of phenolics in food. J Chromatogr A 2004;1054:95–111. 
[53] Liu RH. Health-Promoting Components of Fruits and Vegetables in the Diet. Adv Nutr An Int Rev J 
2013;4:384S–392S. doi:10.3945/an.112.003517. 
[54] González-Vallinas M, González-Castejón M, Rodríguez-Casado A, Ramírez de Molina A. Dietary 
phytochemicals in cancer prevention and therapy: A complementary approach with promising 
perspectives. Nutr Rev 2013;71:585–99. doi:10.1111/nure.12051. 
[55] Ooi LSM, Li Y, Kam S-L, Wang H, Wong EYL, Ooi VEC. Antimicrobial activities of cinnamon oil and 
cinnamaldehyde from the Chinese medicinal herb Cinnamomum cassia Blume. Am J Chin Med 
2006;34:511–22. doi:10.1142/S0192415X06004041. 
[56] Shan B, Cai Y-Z, Brooks JD, Corke H. Antibacterial properties and major bioactive components of 
cinnamon stick (Cinnamomum burmannii): activity against foodborne pathogenic bacteria. J Agric Food 
Chem 2007;55:5484–90. doi:10.1021/jf070424d. 
[57] Bañón S, Méndez L, Almela E. Effects of dietary rosemary extract on lamb spoilage under retail display 
conditions. Meat Sci 2012;90:579–83. doi:10.1016/j.meatsci.2011.09.020. 
[58] Soni MG, Burdock GA, Christian MS, Bitler CM, Crea R. Safety assessment of aqueous olive pulp 
extract as an antioxidant or antimicrobial agent in foods. Food Chem Toxicol 2006;44:903–15. 
doi:10.1016/j.fct.2006.01.008. 
[59] Bisignano G, Tomaino A, Lo Cascio R, Crisafi G, Uccella N, Saija A. On the in-vitro antimicrobial 
activity of oleuropein and hydroxytyrosol. J Pharm Pharmacol 1999;51:971–4. 
[60] Stapleton PD, Shah S, Anderson JC, Hara Y, Hamilton-Miller JMT, Taylor PW. Modulation of beta-
lactam resistance in Staphylococcus aureus by catechins and gallates. Int J Antimicrob Agents 
2004;23:462–7. doi:10.1016/j.ijantimicag.2003.09.027. 
[61] Kim TJ, Weng WL, Silva JL, Jung YS, Marshall D. Identification of natural antimicrobial substances in 
red muscadine juice against Cronobacter sakazakii. J Food Sci 2010;75:M150-4. doi:10.1111/j.1750-
3841.2010.01531.x. 
[62] Rodríguez Vaquero MJ, Manca de Nadra MC. Growth parameter and viability modifications of 
Escherichia coli by phenolic compounds and Argentine wine extracts. Appl Biochem Biotechnol 
2008;151:342–52. doi:10.1007/s12010-008-8197-0. 
[63] Sugiyama T, Kawaguchi K, Dobashi H, Miyake R, Kaneko M, Kumazawa Y. Quercetin but not luteolin 
 suppresses the induction of lethal shock upon infection of mice with Salmonella typhimurium. FEMS 
Immunol Med Microbiol 2008;53:306–13. doi:10.1111/j.1574-695X.2008.00398.x. 
[64] Borlinghaus J, Albrecht F, Gruhlke MCH, Nwachukwu ID, Slusarenko AJ. Allicin: chemistry and 
biological properties. Molecules 2014;19:12591–618. doi:10.3390/molecules190812591. 
[65] Amagase H, Petesch BL, Matsuura H, Kasuga S, Itakura Y. Intake of garlic and its bioactive 
components. J Nutr 2001;131:955S–62S. 
[66] Mnayer D, Fabiano-Tixier A-S, Petitcolas E, Hamieh T, Nehme N, Ferrant C, et al. Chemical 
composition, antibacterial and antioxidant activities of six essentials oils from the Alliaceae family. 
Molecules 2014;19:20034–53. doi:10.3390/molecules191220034. 
[67] Cellini L, Di Campli E, Masulli M, Di Bartolomeo S, Allocati N. Inhibition of Helicobacter pylori by garlic 
extract (Allium sativum). FEMS Immunol Med Microbiol 1996;13:273–7. 
 
  
 Figure legends 
Figure 1: Targets of essential oils in bacterial cells, showing different mechanisms for antimicrobial activities: 
degradation, damage or leakage at cell wall, cytoplasm proteins coagulation or inhibition, and depletion of 
proton force. 
Figure 2: Chemical structures of antibacterial terpenoids. A: carvacrol, B: citral, C: linalool, D: geraniol, E: 
thymol, F: carvone, G: limonene, H: p-cymene, I: germacrene D, J: α-pinene, K: β-pinene, L: myrcene, M: 
borneol, N: camphor, O: verbenone, P: carnosic acid, Q: carnosol. 
Figure 3: Chemical structures of antibacterial polyphenols. A: gallic acid, B: quercetin, C: resveratrol, D: 
secoisolariciresinol, E: coumarin, F: malvidin, G: delphinidin, H: apigenin, I: luteolin, J: naringenin, K: eriodictyol, 
L: kaempferol, M: genistein, N: daidzein, O: cinnamaldehyde, P: rosmarinic acid, Q: hydroxytyrosol, R: 
oleuropein, S: epicatechin gallate, T: epigallocatechin gallate, U: myricetin, V: ellagic acid, W: catechin. 
Figure 4: Chemical structures of antibacterial thiols. A: alliin, B: allicin, C: diallyl disulfide, D: diallyl trisulfide, E: 
S-allylmercaptocystein. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Tables 
Table 1: Summary of antibacterial bioactivities described for terpenoids, polyphenols and thiols. 
Compound Bioactivity References 
Carvacrol Antibacterial (alteration of membrane 
proton transport) 
Hyldgaard et al., 2012 
Citral Antibacterial Ndoti-Nembe et al., 2015 
Thymol Antibacterial Aguirre et al., 2013 
Carvone Antibacterial Raut et al., 2013 
Limonene Antibacterial (membrane biosynthesis 
inhibition) 
Di Pasqua et al., 2006 
p-Cymene Antibacterial (alteration of membrane 
proton transport) 
Ultee et al., 2002 
Germacrene D Antibacterial (cell division inhibition) Šarac et al., 2014 
α-Pinene, 
-Pinene 
Antibacterial (membrane alteration) Knobloch et al., 1989 
Myrcene Antibacterial Santoyo et al., 2005 
Borneol Antibacterial Santoyo et al., 2005 
Camphor Antibacterial Santoyo et al., 2005 
Verbenone Antibacterial Santoyo et al., 2005 
Carnosic Acid Antibacterial Santoyo et al., 2005 
Carnosol Antibacterial (membrane alteration) Knobloch et al., 1989 
Gallic Acid Antibacterial Pagnussatt et al., 2014 
Quercetin Antibacterial (inhibition of DNA gyrase, 
membrane potential disruption) 
Rodríguez Vaquero et Manca de 
Nadra, 2008 
 
Resveratrol Antibacterial Lee et Lee; 2015 
Kaempferol Antibacterial García et al., 2013 
 Cinnamaldehyde Antibacterial Ooi et al., 2006 
Rosmarinic Acid Antibacterial (membrane potential 
disruption) 
Knobloch et al., 1989 
 
Hydroxytyrosol Antibacterial Bisignano et al., 1999 
Epicatechin Gallate, 
Epigallocatechin Gallate 
Antibacterial Stapleton et al., 2004 
Ellagic Acid Antibacterial Kim et al, 2010 
Myricetin Antibacterial Kim et al, 2010 
Allicin Antibacterial (inactivation of thiol-
containing enzymes) 
Amagase et al., 2001 
Borlinghaus et al. 2014 
Diallyl Disulfide, 
Diallyl Trisulfide 
Antibacterial Amagase et al., 2001 
Borlinghaus et al. 2014 
 
 
